In the present study, a new set of dimensionless coefficients is introduced through non-dimensionalization of electrochemical equations of lead-acid batteries. Nondimensionalization process has been applied to the electrochemical governing equations including conservation of charge in solid and electrolyte, and conservation of species to derive the non-dimensional model. Four novel dimensionless coefficients of electrode conductivity , electrolyte conductivity, diffusional conductivity of species and diffusion coefficient are derived from the dimensionless model. The identified model is validated using comparison of experimental data obtained from two lead-acid batteries. Finally, shown results indicate that the non-dimensional model is in fairly good accordance with data obtained from experiments, moreover, dimensionless coefficients are useful for comparing purposes and analysis of electrochemical processes.
Introduction
The world's environmental and economical future is predicted to be influenced by production or consumption of energy, related to limited resources of fossil fuels. Electrochemical energy due to independency of fossil fuels, zeroemission of air pollutants and sustainability is under attention nowadays. Batteries supply energy of electrical devices on demand via storage and conversion of chemical energy. Estimation of battery market shows domination of leadacid batteries in the rechargeable market [1] . Lead-acid batteries have many advantages comparing other rechargeable batteries such as working on higher voltages, worthy specific energy that is energy per unit mass, operation over a wide temperature range that means lower need to thermal management, low cost of maintenance and manufacturing and having one of the most successful recycling systems on the world [2] .
Utilization of lead-acid batteries covers a wide variety of obligations for different roles, from high current quick pulse to lower sustained current, from internal combustion engine to backup power of telecommunications. Also, deep discharges and recharges over short periods of time in electric vehicles are supposed to be tolerated. Thus, the battery is expected to provide enough power for the defined functions as well. [3] .
In all the above-mentioned cases, obtaining a proper model for analysis of battery behavior under a wide variety of different tasks is one of the main themes of studies. Modeling and simulation are a way to analyze the problem numerically and could bring a better perception of physics of events [4] .
Many researchers have been interested in modeling and simulation of lead-acid batteries and the reviewed studies can be divided into three major divisions as follows.
The first division is about fundamental procedures for modeling of phenomena and processes of battery functions and deriving governing equations in whole cell or different parts of it. Newman and Tiedemann [5] reviewed developments of simulation in primary and secondary batteries in regard to the theory of flooded porous electrodes. Further, they developed equations to provide a basis for examining the behavior of specific systems such as primary and secondary batteries. Gu et al. [6] developed a model to study the state of charge (SoC) of a cell during discharge, rest and charge. The model was capable to predict the dynamic behavior of acid concentration and porosity of electrodes. Nguyen et al. [7] used a volume-averaging technique and concentrated binary electrolyte theory to model the transport of electrolyte and investigated the effect of separator design on the discharge of starved lead-acid cells. Vidts and White [8] derived general governing equations that can be used to model mass transport and ohmic drop in porous electrodes containing three phases of solid, liquid and gas. A micro-macroscopic coupled model accounts for the effects of microscale and interfacial non-equilibrium processes on the macroscopic species and charge transfer was developed by Wang et al. [9] . Moreover, Catherino at al. [10] worked on a general method to model the curve of constant current charging. They showed that the gas evolution process occurring at a constant voltage is independent of the normally occurring gas evolution process on the electrode surface at higher voltages and appears as a kinetically controlled gas evolution step.
Further studies on fundamental modeling of batteries have been conducted as follows. Torabi and Esfahanian [11] investigated thermal-runaway (TRA) as one of the battery failure modes. They developed a general set of governing equations by which the thermal behavior of batteries could be obtained. The presented approach could be used for investigating the thermal-runaway in any kind of battery systems. In another study [12] , they detail the main sources of heat generation in lead-acid batteries. They introduced a new phrase called general Joule heating, considering similarity between irreversible heat and Joule effect. Oury et al. [13] proposed a stationary model to predict the electrochemical behavior of a cell in which honeycomb-shaped positive PbO 2 -electrode were sandwiched between two planar negative electrodes. Their results showed that the positive current distribution is nearly completely specified by effects of geometry, with little influence from the hydrodynamic. Recently, Zhung et al. [14] introduced an advanced methodology for modeling of battery state estimation.
The conventional techniques calibrated the parameters of state estimation during development stage before vehicle production, while, different usage of a battery result in different aging processes. Literature review showed that some other works could be placed in the first division too [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
The second division of studies is the usage of various known mathematical methods for modeling and improving the models time cost as well as precision.
Ball et al. [25] used finite element method for modeling the current density of the valve regulated lead-acid battery on the positive grid. Esfahanian and Torabi [26] applied Keller-Box method for simulation of transport equations in lead-acid batteries numerically. They indicated that the Keller-Box method is a suitable method for integration of electrochemical transport equations both in integrated and multi-region formulation. Shen [27] utilized neural network to the battery residual available capacity estimation in terms of the state of available capacity for electric vehicles. He approved effectiveness of the state of available capacity by comparison of experimental data and proposed neural
network. An improved model based on computational fluid dynamics (CFD) and equivalent circuit model was introduced by Esfahanian et al. [28] . They reported the approach is very fast and accurate. Vasebi et al. [29] A coulomb counting method was developed to evaluate SoC of a gelled lead-acid battery by Gonzalez et al. [36] to control a hybrid system of wind-solar testbed with hydrogen support. Dufo-Lopez et al. [37] investigated components of a photovoltaic system specially battery charge controller. They used a weighted Ah-throughput method to provide more accurate lifetime values. Silva and Hendrick [38] analyzed self-sufficiency of household lead-acid battery coupled with photovoltaic system and its possible interaction with the grid. There are some researches in this section could be find by literature review [39] [40] [41] [42] [43] .
In the all reviewed literature, governing equations of lead-acid batteries have been investigated dimensionally and very little information is available on the non-dimensional analysis [21, 44, 45] . In the mentioned references, the non- 
Mathematical formulation
As mentioned in the previous section, Wang et al. [9] developed the general micro-macro model of battery dynamics. In the present study the electrolyte assumed to be immobilized using gelled electrolyte. So, the following equations applied to the non-dimensionalization process. Equation (1) shows conservation of charge in solid:
The conservation of charge in electrolyte can be displayed as:
and the following equation shows conservation of species:
The term j is the transfer current density and can be calculated from the general Butler-Volmer relation: process. So, the obtained dimensionless terms refer to intrinsic quantities of the system. The convenience parameters were suggested as below (the asterisk sign ( * ) shows dimensionless variables):
• dimensionless electric potential of solid and electrolyte:
• dimensionless electrolyte concentration:
• dimensionless cell-length:
• dimensionless transfer current density:
• dimensionless form of activated area:
• dimensionless time can be defined as:
in which:
The variable τ , is a key parameter in non-dimensionalization of electro- By replacement the set of equations (5) to (10) into equation (1), one can obtain:
Thus, dimensionless conductivity of solid yields:
Also, the equation (13) can be rewritten as desirable form of:
Similarly, substituting equations (5) to (10) into equation (2) leads to:
The second term on the left-hand side expected to be zero because the initial concentration (c 0 ) assumed to be constant over the domain at initial state, therefore:
Now, two more dimensionless numbers of electrolyte conductivity and diffusion of species can be determined:
Therefore, final dimensionless form of conservation of charge in electrolyte can be written as:
Finally, for non-dimensionalization of equation (3) the same technique has been applied:
Likewise, dimensionless diffusion coefficient obtained:
and the unitless form of equation (3) became:
In summary, non-dimensional equations of (15), (20) and (23) with new defined dimensionless parameters of (14), (18), (19) and (22) used for simulations.
Physical interpretation
Equation (14) can be write down in three eligible forms in order to better perception. This equation can be regarded as:
which presents the ratio of conductive current density of solid-electrode to exchange current density (ECD). In fact, the numerator is a hypothetical current The non-dimensionalize conductivity of solid can be viewed in another way:
The above fraction is the ratio of V oc,0 to exchange voltage of solid. The exchange voltage can be defined as a motive force within solid causing exchanged current under changing σ eff condition. Interestingly, the other form of equation (14) is related to material properties:
Thus, equation (26) is the ratio of the effective conductivity of solid to exchange conductivity, defined in the denominator, and will be discussed more, later in the present paper.
Likewise, equation (20) can be rewritten into three suitable forms:
Equation (27) shows the ratio of conductive current density of electrolyte to ECD.
Equation (28) indicates relation of V oc,0 to exchange voltage of electrolyte.
and equation (29) represents proportion of effective conductivity of electrolyte to exchange conductivity. It is obvious that the exchange conductivity of electrode and electrolyte is equal, considering equations (26) and (29), and it could be called as exchange conductivity (EC):
Therefore, equations (26) and (29) can be rewritten as:
Hence, by equating EC from equations (31) and (32) the following expression can be calculated as:
Also, from equations (25) and (28) one can obtain:
that is a relation between exchange voltage and conductivity of both electrode and electrolyte. The following equation illustrates the convenience form of dimensionless diffusional conductivity of species:
that shows the ratio of diffusional current density of species to exchange current density. According to equations (33) and (35), a notable relationship between effective conductivity of electrode, effective conductivity of electrolyte and diffusional conductivity of species can be obtained using defined dimensionless coefficients:
EC and V oc,0 are constant numbers for each battery and can be easily calculated from battery characteristics. Equation (36) 
This fraction indicates the ratio of effective diffusion coefficient to exchange diffusion coefficient that could be defined as diffusion coefficient in OCFCS.
The second form is relation of concentrations: 
that the denominator is ECD and the numerator can be defined as current density due to diffusion of species.
Case study
In this section, the importance of the present study is indicated by solving two sample batteries, illustrated in table (2) (1), results of grid study is shown. As can be seen, the difference between case 2 and 3 is less than 1%, so the grid 2 has been selected for all solutions, saving cost and time ensuring the solution and results be grid independent.
Numerical analysis conducted in discharge state of battery in a constant current. Thus, the initial and boundary conditions can be represented as follows:
• initial conditions of non-dimensional potential in solid and electrolyte obtained by solving whole domain with a very small time step about 10
second.
• initial condition of dimensionless acid concentration can be calculated using given parameters:
• boundary conditions of solid:
• boundary conditions of liquid:
• boundary conditions of acid concentration:
Both equations (43) and (44) shows the symmetry boundary conditions as points x * = 0 and x * = 1 assumed to be in the center of electrodes. 
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Results and discussion
Discharging process of a one-dimensional lead-acid cell has been simulated using CFD method for both dimensional and non-dimensional systems of gov- As shown in figure (6), σ * of Cell-II is in higher range than Cell-I and it is because of less amount of it's σ exchange . According to equations (24) to (26), σ exchange is a defined conductivity while exerting V oc,0 with current of i 0 A max L 2 .
The main reason for less amount of σ exchange in Cell-II is smaller exchange current density. In an other point of view, the more σ * means the more σ eff .
In result, working conductivity of Cell-II is more related to initial conductivity and the cell is in more active state.
Effective conductivity of electrolyte for both cells ar shown in figure (7)(a). 
that is porosity and ex is a constant power. Equation (45) composed of three terms: a linear concentration term, a non-linear concentration term and a non-linear porosity term.
As can be seen in figure (7) effective diffusion of Cell-I has declined relative to D exchange during discharge while for Cell-II remained almost constant. From equation (38) there is an- (14), σ * could have higher values by increasing V oc,0 and decreasing i 0 , A max and L. As can be concluded from equation (14) , the cell length with power of two is the most effective parameter.
So, by changing geometry and structure of a cell one can improve dimensionless solid conductivity as well as coefficients of k * and D * according to equation (18) and equation (22) .
The results demonstrated that dimensionless analyze and using dimensionless coefficients facilitated elechtrochemical analyses and gave more useful concept of physical problem. 
